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Very high energy photons from cosmological gamma-ray bursts (GRBs) are expected to interact
with extragalactic background light (EBL) and produce electron-positron pairs when they propagate
through intergalactic medium (IGM). These relativistic pairs will then up-scatter cosmic microwave
background (CMB) photons and emit secondary GeV emission. Meanwhile, the motion of these
pairs are deflected by intergalactic magnetic field (IGMF), so the secondary GeV photons arrive
later than the primary emission. It has been suggested that the properties of the secondary GeV
emission can be used to constrain IGMF. Recently, TeV gamma-ray emission has been detected, for
the first time, from a GRB (GRB 190114C) by the MAGIC telescope and its steep γ − ray spectrum
shows a clear evidence of absorption by EBL. We then constrain the IGMF with the GeV flux limit
obtained from the Fermi-LAT observations. We find a limit of > 10−19.5 G for the coherence length
of λ ≤ 1 Mpc. Although this limit is weaker than that obtained by using blazars, it represents the
first limit from γ − ray observations of GRBs, which provides an independent constraint on IGMF.
We also find that, for transient γ − ray sources, one can choose a favorable time window to search
for the echo emission at a particular energy.
I. INTRODUCTION
As the weakest magnetic field, the intergalactic mag-
netic field (IGMF) exists in the voids of large-scale struc-
ture in the universe [1]. According to the dynamo theory,
IGMF can be the seed field where the magnetic fields in
galaxies and galaxy clusters are created [2]. Detection
and measurement of the properties of IGMF are impor-
tant to assess the dynamo theory in galaxies and galaxy
clusters. In addition, the origin of IGMF is largely un-
known. There are two classes of models for the seed
fields: 1) astrophysical models, which assume that the
seed fields are generated by motions of the plasma in
galaxies, and 2) cosmological models, in which the seed
fields are produced in the early universe. The properties
of IGMF will be also useful to constrain its origin.
TeV γ-ray sources can be used to constrain the prop-
erties of IGMF [1, 3]. Very high energy photons inter-
act with EBL and produce electron-positron pairs when
they propagate through IGM. The relativistic pairs will
then upscatter CMB photons and emit secondary GeV
emission through IC radiation. Meanwhile, the direc-
tions of these pairs are deflected by IGMF. So, these sec-
ondary GeV photons will reach the observer with differ-
ent directions from that of the primary emission, which
is called “pair halo”, and different times, which is called
“pair echo”. These differences will influence the observa-
tion properties of secondary GeV photons. It has been
suggested that the properties (duration and strength) of
these GeV photons can be used to constrain the IGMF.
For persistent sources (e.g., TeV blazars), the pair
halo method is more suitable for constraining IGMF [4–
10]. Ref. [11] suggested to combine (non)-observation of
blazars by Fermi and IACT as a tool to probe the IGMF.
Ref. [12] obtained a limit of B > 3×10−16 G for a coher-
ence length λ = 1 Mpc. It is difficult to get a better limit
on IGMF from blazars, since the persistent primary GeV
emission will pollute the cascade emission. To remove
the interference by the primary GeV emission, Ref. [6]
considers TeV blazars without GeV emission, and found
a lower limit of 10−15 G for IGMF. Besides, in Ref. [13],
the authors suggest the limit on IGMF is larger than
3× 10−16 G for coherence length λ & 10−2 Mpc by using
both spectral and spatial information.
The pair echo method can also be used to constrain
IGMF [14–17]. In Ref. [18], they obtained a limit of
> 10−20G for IGMF by using the quasi-simultaneously
observed GeV-TeV light curves of Mrk 501. GRBs, as be-
ing predicted to be TeV sources, have also been proposed
to be useful in constraining IGMF through the pair echo
method. As transient sources, most of their echo pho-
tons will arrive at the observer at a later time than that
of the primary photons, therefore one can easily distin-
guish those photons and obtain the limit on IGMF. Since
no GRBs with TeV emission were detected previously,
all studies on limiting IGMF assumed a theoretically ex-
pected TeV flux [19–23]. For example, assuming that the
GeV spectrum of GRB 13027A extending to multi-TeV
band [24], the authors suggest that the limit on IGMF
is larger than 3 × 10−17 G for a coherence length λ = 1
Mpc.
Recently, TeV emission has been detected, for the first
time, from a GRB (GRB 190114C) by the MAGIC tele-
scope [25, 26], which makes it possible to study the pair
echo of the TeV γ-rays from GRBs. This burst has a
redshift of z = 0.42 [27]. The observed spectrum of the
TeV emission of GRB 190114C shows a clear steepen-
ing caused by the EBL absorption. In this paper, we
will give constraints on IGMF by studying the possi-
ble pair echo emission of GRB 190114C. The method
for calculating the echo emission flux is shown in sec-
tion II, and the results for constraining IGMF are shown
2in section III. We give discussions and conclusions in sec-
tion IV. The cosmological parameters of H0 = 68 km
s−1Mpc−1, ΩΛ = 0.7 and ΩM = 0.3 are used in the fol-
lowing calculation.
II. THE ECHO EMISSION
A. Flux of the echo emission
The cascade process occurs when the TeV photons
are absorbed by EBL during the propagation through
IGM. The distribution of pairs P (γe, ǫ) produced in inter-
action between TeV photons with dimensionless energy
ǫ = hν/mec
2 and soft photons with distribution n0(ǫ0) is
given by [28]
P (γe, ǫ) =
∫
∞
ǫ/xγ
dǫ0n0(ǫ0)
3σTc
4ǫ2ǫ0
[r − (2 + r)
ǫ
ǫ0xγ
+ 2(
ǫ
ǫ0xγ
)2 + 2
ǫ
ǫ0xγ
ln
ǫ0xγ
ǫ
],
(1)
where xγ = 4γeγ
′
e, r = (γe/γ
′
e + γ
′
e/γe)/2, γ
′
e = ǫ− γe.
For a GRB with a differential luminosity LGRB(ǫ) and
a duration timescale tobsGRB for the TeV emission, the num-
ber of absorbed TeV photons nTeV(ǫ) can be calculated
by
nTeV(ǫ) =
LGRB(ǫ)∆tGRB
ǫmec2
{1− exp[−τγγ(ǫ)]}, (2)
where τγγ(ǫ)is the pair production optical depth due to
the EBL absorption. We derive the pairs energy spec-
trum as
dNe(ǫ)
dγe
= nTeVp(γe, ǫ), (3)
where p(γe, ǫ) = 2P (γe, ǫ)/
∫
dγeP (γe, ǫ) is the normal-
ized pair distribution.
The duration of the echo emission depends on the en-
ergy of the TeV photons, the energy of the resultant pairs,
and the magnetic field, so we define it as tdur(ǫ, γe, B).
The average echo flux at frequency ν during an observa-
tion time tobs is given by
Fν =
mec
2
4πD2h
∫
dǫ0n0(ǫ0)
∫
dγeC(ǫecho, γe, ǫ0)
tIC(γe)
∫
dǫ
dNe(ǫ)
dγe
1
max(tdur(ǫ, γe, B), tobs)
,
(4)
where C(ǫecho, γe, ǫ0) is the Compton kernel [29], tIC(γe)
is the cooling timescale of relativistic pairs of energy
γe due to inverse-Compton (IC) scatterings. Since the
IGMF is very weak, the synchrotron radiation can be
ignored, and the pairs lose energy mainly through IC ra-
diation.
The duration of the echo emission is mainly deter-
mined by the deflection angle of the pairs caused by
IGMF. The defection angle depends on the coherence
length λ of the magnetic field and the distance lIC(γe)
that pairs lose energy. If λ > lIC(γe), the motion of pairs
can be approximated by the motion in a homogeneous
magnetic field, so the angle of pairs deflected in IGMF
is θB(γe, B) = lIC(γe)/RL(γe, B) [21], where RL(γe, B)
is the Larmor radius. If the coherence length λ is less
than lIC(γe), the deflecting angle θB(γ,B) is modified
by a factor of
√
λ/lIC(γe). The duration of the echo
emission is tB(ǫ, γe, B) ≃ (lγγ(ǫ) + lIC(γe))θ
2
B(γe, B)/(2c)
[21], where lγγ(ǫ) is the mean free path of TeV photons,
which is related with the source distance D by lγγ(ǫ) =
D/τγγ(ǫ). In addition, due to the beaming effect, an ob-
server sees up to beaming angle of γ−1e from the line of
sight, so there is an angular spreading time tA(ǫ, γe) ≈
(lγγ(ǫ) + lIC(γe))/(2γ
2
e c). The duration of the echo emis-
sion should be the maximum of three timescales, i.e.,
tdur(ǫ, γe, B) = max(tB(ǫ, γe,B), tA(ǫ, γe), t
obs
GRB), where
tobsGRB is the duration of the TeV emission of GRBs. From
the MeV-GeV data, the power-law decay of the TeV emis-
sion of GRB 190114C is inferred to start from 6 s to 2454
s after the burst, so we take tobsGRB = 2448 s [30, 31]. In
most cases, γ−1e is much smaller than θB and lIC(γe) is
much smaller than lγγ(ǫ), so the duration time is domi-
nated by lγγ(ǫ)θ
2
B(γe, B)/(2c).
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FIG. 1. The duration of the echo emission as a function of
the photon energy for various values of the strength of IGMF.
The coherence length of IGMF is assumed to be λ = 1 Mpc.
B. A crude estimate of the echo emission fluence
and duration
Section IIA presents an accurate calculation method
of the echo emission flux. In this section, we give a crude,
but more straightforward estimate of the echo emission
fluence, which may be useful to guide the use of the accu-
rate calculation. The maximum fluence of the echo emis-
sion can be estimated from
∫
Smaxν dν = E
abs
GRB/(4πD
2),
where EabsGRB is the energy of the absorbed TeV photons.
The expected fluence of the echo emission is related with
3the observation time and duration by
Sν ∝


tobs
tdur
Smaxν , tobs ≤ tdur
Smaxν , tobs > tdur.
(5)
We can also obtain a rough estimate of the duration
of the echo emission at different energy, assuming that
the energy of pairs is half of the energy of TeV photons,
i.e., γe = ǫ/2. Then the typical energy of echo pho-
tons is ǫecho = (4/3)γ
2
eǫCMB, and we can rewrite those
two timescales as tB(ǫecho, B) and tA(ǫecho), respectively.
The results of relationship between the duration and pho-
ton energy are shown in Figure 1. As the magnetic field
strength increases or the photon energy decreases, the
duration becomes longer. Motivated by this, we suggest
that, to obtain the best limit on IGMF, one can choose
a favorable time window to search for the echo emission
at a particular energy. This will be discussed in the fol-
lowing section.
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FIG. 2. The fluence of the echo emission as a function of
the observation time for the energy bin of 0.3-1 GeV (top)
and 1-3 GeV (bottom), respectively. The red lines show the
fluence limit imposed by Fermi-LAT. Other lines represent
the crude estimates of the echo emission fluence using the
method in Section II B. The coherence length of the IGMF is
assumed to be λ = 1 Mpc.
III. LIMITS ON IGMF USING GRB 190114C
GRB 190114C has GeV emission up to ∼ 10000 s since
the burst trigger time T 0, which can be explained by the
GRB prompt and/or afterglow emission [26]. We expect
the echo emission time at GeV band longer than ∼ 105 s
assuming a magnetic field larger than 10−20 G. Thus, we
first search for the possible echo emission in the Fermi-
LAT data starting from T 0+20000 s, which is selected to
exclude the impact of primary GeV emission, to T 0 + 9
months, which is limited by the observation times for
this GRB. We select all the source class events detected
by the Fermi-LAT between 100 MeV and 100 GeV in
a circular radius of interesting (ROI) of 12◦ centered at
the position of (αJ2000 = 54.503
◦,δJ2000 = −26.938
◦).
In order to reduce the contamination from Earth limb,
all events with zenith angle < 90◦ are filtered out. We
employ an unbinned maximum likelihood technique to
test the presence of echo emission using the likelihood-
ratio test statistic (TS), which is defined as twice the
logarithm of the maximum of the likelihood value for the
alternative hypothesis (L1) divided by that for the null
hypothesis(L0): TS = 2(logL1−logL0). The null hypoth-
esis for the test is represented by a baseline model includ-
ing all point sources from the fourth LAT source cata-
log [32] within a circular ROI enlarged by 5◦, as well as
the Galactic and isotropic diffuse emission templates pro-
vided by the Fermi-LAT Collaboration[33]. The spectral
normalization of each source is left free to vary. The al-
ternative hypothesis is represented by the baseline model
plus a new point source at the position of GRB 190114C
located by the Swift-BAT observation[34], which is mod-
eled by a power-law spectrum with free index and nor-
malization. We find TS value is ∼ 1, implying that there
is no detection of the echo emission. We further search
for the echo emission choosing different time windows
(i.e., 1 days, 15 days, 1 month, 3 months, 6 months after
T 0+20000 s) at 6 logarithmically spaced energy window
in 100 MeV − 100 GeV. There are also no significant
detections and the upper limit fluxes are then derived at
a 95% confident level.
In Figure 2, we show the fluence limit (the red lines) of
the echo emission as a function of time. The fluence limit
is nearly a constant for a short observation time, while it
goes as Slimitν ∝ t
1/2
obs when the observation is long enough.
We calculate the expected fluence of the echo emission
using the data of GRB 190114C [25]. The total energy
radiated in TeV emission during the period from 6 s to
2454 s after the burst is E0.3−1TeV ≈ 2 × 10
52 erg. The
photon index of the intrinsic spectrum is −2.22+0.23
−0.25 and
we use −2 in the calculation for simplicity.
The energy of the absorbed photons in 0.3-1 TeV will
be reprocessed into that of echo photons in the energy
range of 0.3-3 GeV, considering the distribution func-
tion of Eq. 1. Then, we can estimate the fluence of echo
emission in the energy range of 0.3-1 GeV and 1-3 GeV
respectively. It can be found in Figure 2 that the fluence
reaches its maximum value later for a stronger IGMF.
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FIG. 3. The spectral energy distribution of the echo emission
averaged over the observation time tobs, i.e., 15 days (top),
1 month (middle) and 3 months (bottom) after T0 + 20000
s. The red points denote the Fermi-LAT upper limit fluxes.
The solid lines and dotted lines represent the echo emission
spectrum for primary photons with a maximum energy of 1
TeV and 15 TeV, respectively.
The lower limit of IGMF can be estimated by compar-
ing the theoretical fluence with the fluence limit given by
Fermi-LAT. The case (10−20 G ≤ B < 10−19.5 G) can
be ruled out since their theoretical fluence is larger than
the fluence limit. In addition, we found that the most
favorable time window for constraining IGMF is about 1
month, since at this time the limit on IGMF is the best.
To obtain a more accurate result, we select three time
windows close to tobs = 1 month and calculate the echo
emission flux using Eq. 4. The result is shown in Fig-
ure 3. The best constraint on IGMF comes from the
case tobs = 1 month, and longer or shorter observation
times both give worse constraints on IGMF. This is con-
sistent with the above rough estimate using the fluence.
We also calculate the case where the maximum energy of
TeV photons reaches 15 TeV (dotted lines in Figure 3),
and find that it does not significantly improve the limit
on IGMF. Note that we have removed the contribution
from the high energy echo photons if they arrive before
the search time window (i.e., tdur(E) < 20000 s). Since
the duration tdur(E) of the echo emission depends on
the strength of IGMF, the spectrum of the echo emission
at the high energy end also depends on the strength of
IGMF, as shown in Figure 3.
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FIG. 4. Observational bounds on the strength and correla-
tion length of IGMF. The white area is the allowed parameter
space.
The coherence length λ affects the constraints on the
strength of IGMF. The lower limit on λ is set by the re-
quirement that the resistive magnetic diffusion time scale
has to be larger than the age of Universe, whereas the
upper limit is set only by the size of the visible part
of the Universe [12]. By searching the magnetic field
strength from 10−20 G to 10−16 G and coherence length
from 10−12 Mpc to 104 Mpc, we calculate the limit on
IGMF for different λ. The white area in Figure 4 shows
the allowed parameter space for IGMF in our case. The
limit on the IGMF is Bλ1/2 = 1.89×10−20 G Mpc1/2 for
λ < 0.1 Mpc.
IV. DISCUSSIONS AND CONCLUSIONS
As the first GRB with TeV emission being detected,
GRB 190114C is used to constrain IGMF. We find that
the best limit on IGMF can be derived when the observa-
tion time matches the duration of the echo emission. The
main assumptions adopted in our calculation are as fol-
lows: 1) The effect of the second generation pairs are not
considered. The optical depth due to EBL absorption is
τγγ(ǫ) > 1 for the photons with energy greater than 200
GeV at a distance corresponding to z = 0.42. Since the
flux of the echo emission with energy greater than 200
GeV is quite low in our result, it is reasonable to neglect
the contribution from the second-generation pairs. 2) We
use the EBL spectrum and optical depth from the model
C in Ref. [35] in the calculation. We check the results
considering alternative EBL models from Ref. [36] and
Ref. [37], but find the difference is small.
In Ref. [24], the authors used GRB 130427A to con-
strain the IGMF by assuming that the GeV emission
of GRB 130427A extends to ∼ 10 TeV. They obtained
5a limit of > 3 × 10−17 G for a coherence length of
λ = 1 Mpc. Their limit is stronger than ours mainly
because of two factors: 1) they miss the timescale
lγγ(ǫ)θ
2
B(γe, B)/(2c) for the duration of the echo emis-
sion, which leads to an overestimate of the echo emission
flux; 2) The assumed fluence in the TeV emission of GRB
130427A is higher than that of GRB 190114C.
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FIG. 5. Cooling rates (−γ˙e/γe) computed by using the param-
eters of GRB 190114C. The red line represents the IC cooling
rate. The gray liner line represents the cooling rate due to
the oblique instability [38] and the gray liner line represents
the cooling rate due to the non-linear Landau damping [39].
In addition, the limit on IGMF based on the cascade
flux may become weaker or even avoided if the plasma
instabilities, arising due to the interaction of the elec-
trons/positrons pairs with the intergalactic medium, cool
down the pairs faster than the IC scattering, as has been
discussed for the blazar case [39–41]. As an example, we
study two kinds of plasma instability, i.e., the oblique in-
stability and non-linear Landau damping, and then com-
pare these cooling rates with the IC cooling rate. The re-
sult is shown in Figure 5. The oblique instability model is
based on the result in ref. [38], while the non-linear Lan-
dau damping model corresponds to model B in ref. [39].
It can be seen from Figure 5 that the cooling rate for the
non-linear Landau damping model is lower than that of
the IC process, so the limit on IGMF remains almost un-
changed. On the other hand, for the oblique instability,
the cooling rate is much higher than that of the IC pro-
cess and hence no limit on IGMF can be obtained. Other
plasma instabilities may also occur [39, 41–45], and the
limit on the IGMF could be avoided for those with strong
instability cooling.
The limit on IGMF can be improved in future if GRBs
with larger fluences in TeV emission are detected [12].
Another approach is to looking for the echo emission in
the energy range of > 100 GeV, since the duration be-
comes small and the flux increases. This may be achieved
through observations of GRBs with higher sensitivity
Cherenkov telescopes in the future, such as Cherenkov
Telescope Array [46]. However, there are some require-
ments for using these very high energy telescopes to limit
IGMF: 1) As the echo photons with energy E > 100 GeV
are produced by the cascade process of high-energy pho-
tons with energy of E & 10 TeV, this requires that GRBs
can emit such high energy photons; 2) If the echo photon
energy extends to the sub-TeV range, the multi-cascade
process should then be considered.
A note added: After the submission of our paper, a
paper appears on arXiv [47], arguing that the sensitiv-
ity of Fermi-LAT is not sufficient to obtain meaningful
constraints on IGMF. However, in their calculation, they
only take into account the primary TeV photons during
the period from 62 s to 2454 s, neglecting the fact that
the power-law decay of the afterglow flux starts from 6 s
[26, 30, 31]. This leads to that the energy of the primary
TeV photons used in their calculation is about a factor
of 5 lower than ours.
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supported by the NSFC under the grants 11625312 and
11851304, and the National Key R&D program of China
under the grant 2018YFA0404203.
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